Introduction: Most studies on intracoronary bone marrow mononuclear cell transplantation for acute myocardial infarction involve treatment 3-7 days after primary percutaneous coronary intervention (PCI); however, the optimal timing is unknown. The present study assessed the therapeutic effect at different times after ST-elevation myocardial infarction. Methods: The present trial was not blinded. A total of 104 patients with a first ST-elevation myocardial infarction and a left ventricular ejection fraction below 50 %, who had PCI of the infarct-related artery, were randomly assigned to receive intracoronary infusion of bone marrow mononuclear cells within 24 hours (group A, n = 27), 3 to 7 days after PCI (group B, n = 26), or 7 to 30 days after PCI (group C, n = 26), or to the control group (n = 25), which received saline infusion performed immediately after emergency PCI. All patients in groups A, B and C received an injection of 15 ml cell suspension containing approximately 4.9 × 10 8 bone marrow mononuclear cells into the infarct-related artery after successful PCI.
Introduction
On the basis of experimental studies that bone marrow mononuclear cell (BMC) transfer in the injured tissue can promote regional myocardial perfusion and improved cardiac function, several clinical trials have shown that intracoronary BMC transplantation in acute myocardial infarction (AMI) patients several days after myocardial reperfusion is safe and may enhance the improvement of left ventricular ejection fraction (LVEF) [1] [2] [3] [4] [5] [6] . The timing of BMC administration, baseline LVEF, dosage of BMC and other factors have been linked to improvement in LVEF after BMC transplantation. In our previous work, we gave BMCs within 24 hours after emergency percutaneous coronary intervention (PCI) and found that it was safe and effective [7] . In addition, there is another report with a longer time from symptom onset to BMC infusion (2-4 weeks) which also appeared effective [4] . The timing of intracoronary stem cell administration may have a critical effect on cell engraftment and may be responsible for the various biological and functional responses to therapy [8, 9] . However, few studies have directly addressed the optimal timing of cell injections. Therefore, in this prospective randomized study, BMCs were given at different times (within 24 hours, 3 to 7 days, or 7 to 30 days after reperfusion) to investigate whether the timing of therapy affects the therapeutic response of AMI patients.
Methods

Study protocols
Our institutional ethics committee (medical ethics committee of Zhongshan Hospital, Fudan University) approved the study, and all patients gave their written informed consent. The study was performed according to the principles of the Declaration of Helsinki.
Patients with AMI who were admitted to Zhongshan Hospital, Fudan University, China, were included. The inclusion criteria were: aged 18 to 75 years; a history of first acute ST-elevation myocardial infarction (STEMI); treatment with PCI 2 to 12 hours after symptom onset; successful PCI with stent implantation in the culprit lesion of the infarct-related artery (IRA); and an LVEF <50 % on angiography immediately after emergency PCI or rescue PCI. The exclusion criteria were: previous Q-wave myocardial infarction, cardiogenic shock, and severe coexisting conditions such as acute and chronic heart failure, malignant arrhythmia, renal failure and severe bleeding that interfered with the ability of the patient to comply with the protocol. All patients received medication according to current guidelines.
The trial was not blinded. The day of acute PCI was defined as day 0. On day 0, when patients were admitted to the emergency room, they were informed regarding random intracoronary BMC infusion if LVEF was less than 50 % after primary PCI. The informed consent included the background, the purpose, and the procedure of this trial. The risks and potential benefits of BMC collection, preparation and transplantation were described in detail. A minimum follow-up period of 1 year was requested from all patients. The patients had the right to withdraw from the study at any time. Patients who refused to sign the informed consent were excluded.
The patients enrolled in this trial were assigned to the following groups: group A, intracoronary infusion of BMC within 24 hours after PCI; group B, intracoronary infusion of BMC 3 to 7 days after PCI; group C, intracoronary infusion of BMC 7 to 30 days after PCI; or the control group (CON), which was given saline infusion immediately after emergency PCI (Fig. 1) . After the primary PCI, patients with LVEF ≥50 % were excluded. Finally, there were 27 patients in group A, 26 patients in group B, 26 patients in group C and 25 patients in the CON group.
For patients assigned to receive BMC, a bone marrow sample (95 ± 16 ml) was collected at the designated time points after primary PCI under local anesthesia from both sides of the posterior superior iliac spine. To collect sufficient amounts of bone marrow, several puncture points were required. Patients received an injection of 15 ml cell suspension containing approximately 4.9 × 10 8 BMCs into the IRA within 3 hours after BMC collection. Patients in group A remained in the cath-lab until the entire procedure, including primary PCI and intracoronary BMC infusion, was completed. However, patients in groups B and C, who underwent a second procedure, to receive BMC transplantation in the cath-lab during the same hospitalization or returned for a second hospitalization. As shown in Fig. 1 , after BMC transplantation, all patients underwent clinical examinations, onventional echocardiography, 201Ti single photon emission computed tomography (SPECT), and coronary angiography at the certain time-points. Major adverse cardiac events and restenosis were recorded during the 12 months of follow-up.
Cell preparation and administration
The BMCs were isolated by Ficoll density gradient centrifugation and were infused into the IRA as described previously [7] . Briefly, BMCs were isolated by Ficoll density gradient centrifugation on Lymphocyte Separation Medium. Three washing steps were performed and cells were resuspended in heparinized saline for use. Viability was tested by Trypan Blue (exclusion method), which showed a viability of more than 99 % cells for each transplant. Repeated microbiological tests of the cell suspensions performed prior to transplantation were BMCs were infused into IRA at the site of the previous occlusion. This was accomplished with the use of a microtubular. After positioning of the microtubular into the distal segment vessel of the stent position in the IRA, 15 mL of the whole cell suspension (groups A, B and C) or saline (CON) was slowly administered via microtubular. The administration should be over 10 minutes to prevent back-flow and to prolong cellular contact time for cellular migration into the tissue. After completion of intracoronary cell transplantation, coronary angiography was repeated to ascertain vessel patency and unimpeded flow of contrast material. During the process of intracoronary infusion of BMCs, complications should be watched for, including arrhythmia, bradycardia, sinus arrest or atrial ventricular block, premature ventricular beats, ventricular tachycardia, ventricular fibrillation, and hypotension, and so forth.
Hemodynamic assessment
LVEF, left ventricular end-diastolic volume (LVEDV), and left ventricular end-systolic volume (LVESV) were measured before discharge, at 6 months, and at 12 months after intracoronary BMC infusion using two-dimensional echocardiography according to Simpson's method [10] . The measurements were repeated three times, and the average was used for further calculations. All studies were processed and evaluated in the echocardiogram laboratory by experienced operators who were blinded to both the order of the procedures and the assigned therapy.
201Tl -SPECT imaging
As shown in Fig. 1 , all patients underwent 1-day electrocardio-gated stress Thallium-201 SPECT imaging [11] before discharge, at 6 months, and 12 months after intracoronary BMC infusion. All images were acquired using a tri-head SPECT gamma camera (Philips-IRIX, Philips Medical Systems, Milpitas, CA, USA). The myocardial perfusion defect was automatically calculated using ECTb3.0 software. Data were processed and evaluated in the scintigraphic core laboratory by experienced operators who were blinded to both the order of the procedures and the assigned therapy.
Statistical analysis
Values for continuous variables that approximated a normal distribution are presented as means ± SD unless otherwise noted. Univariate differences between groups were performed with analysis of variance (ANOVA) for multiple comparisons and Bonferroni's post test. Statistical comparisons between the initial and follow-up data were performed with paired t test. Comparisons of the changes from baseline to 12 months in the control and BMC treatment groups were performed using repeatedmeasures two-way ANOVA. The ANOVA model included the control versus BMC treatments and baseline versus 12 months as factors, and also included the interaction between the two factors. Categorical variables were analyzed using the chi-square test or Fisher's exact test, as appropriate. A p value of less than 0.05 was considered to indicate statistical significance. All reported p values are two-sided. Statistical analyses were performed using STATA software (version 8.0, STATA, U.S.A.).
Results
Clinical characteristics
The baseline characteristics of the 104 patients are summarized in Table 1 . The average time from AMI to IRA opening was 7 (2-12) hours. As shown in Table 1 , the four groups were comparable with respect to gender ratio, age, family history of coronary heart diseases, history of smoking, drinking, diabetes, hypertension, hyperlipidemia, hyperuricemia, interventional therapy, and other variables. The average number of BMCs implanted was (4.9 ± 2.8) × 10 8 . The number of CD34+ cells and CD133+ cells included in the implanted BMCs was (1.4 ± 0.9) × 10 6 and (3.1 ± 2.2) × 10 5 , respectively. There was no difference in the number of BMC among groups A, B, and C. Cell viability was tested using Trypan Blue (exclusion method); more than 99 % of cells were viable for each transplant.
Clinical outcomes during 12 months of follow-up
As shown in Fig. 1 , of the 110 AMI patients, 104 were enrolled; 84 had coronary arteriography at the 6-month follow-up, and 85 completed 12 months of follow-up.
The peak creatinine kinase (CK)-MB and cardiac troponin T (cTnT) levels and the time to peak for both markers were not significantly different among the four (See figure on previous page.) Fig. 1 Flow chart outlining the study protocol. A total of 104 acute myocardial infarction (AMI) patients were enrolled and randomly assigned to four groups in this trial depending on bone marrow mononuclear cell (BMNC) transplantation after primary percutaneous coronary intervention (PCI). Before discharge, the patients underwent echocardiography and single photon emission computed tomography (SPECT) and the data were collected as baseline. At the 6-month follow-up, patients underwent angiography. The SPECT and echocardiography data were recorded at 6 and 12 months. Group A BMNC infusion within 24 hours after PCI; group B BMNC infusion at 3-7 days after PCI; group C BMNC infusion at 7-30 days after PCI; LV, left ventricular; LVEF left ventricular ejection fraction groups (p > 0.05). No significant differences in serum highsensitive C-reactive protein (hsCRP) and CK-MB peak values before or after the operation were detected among the four groups. These results collectively suggest that no inflammation or new myocardial lesions occurred after cell transplantation. No significant differences in the frequency of atrial premature beats, ventricular extrasystole, atrial tachycardia, and ventricular tachycardia on Holter monitoring were observed among the four groups during hospitalization.
No proarrhythmic effects were detected on Holter monitoring during follow-up. During follow-up, there were no cases of death, tumor, or malignant arrhythmias. Compared to the control group, the occurrence of the combined clinical endpoint of death, MI recurrence, and rehospitalization due to heart failure tended to be lower in group A (p = 0.078) and group B (p = 0.214), but not in group C (p = 0.673). There was no significant difference in restenosis among the four groups (p > 0.05) (as shown in Table 2 ). Combined events (death, recurrence of myocardial infarction and rehospitalization for heart failure) 6 1 2 3 0.254 CON control group; group A bone marrow mononuclear cell (BMC) infusion within 1 day after percutaneous coronary intervention (PCI); group B BMC infusion at 3-7 days after PCI; group C BMC infusion at 7-30 days after PCI; MI myocardial infarct
Quantitative variables of left ventricular function
Baseline recordings were obtained for SPECT and echocardiography at 2.1 ± 0.8 and 3.2 ± 0.6 days, respectively. Baseline measurements of left ventricular function, volumes, and myocardial perfusion did not differ significantly among the four groups (Table 1) . Compared with baseline (Table 3) , global LVEF in the four groups was significantly increased on echocardiography at the 6-month follow-up (44.7 ± 3.9 % to 50.4 ± 4.7 % in group A, p < 0.001; 43.1 ± 6.0 % to 48.2 ± 6.4 % in group B, p < 0.001; 43.1 ± 6.4 % to 46.8 ± 6.5 % in group C, p < 0.001; 43.5 ± 3.5 % to 45.9 ± 5.4 % in CON, p < 0.001), and it was further improved at 12 months (52.2 ± 5.8 % in group A; 49.7 ± 5.6 % in group B; 47.4 ± 6.1 % in group C; 47.0 ± 6.9 % in CON). Compared to the control group (Fig. 2) , the absolute change in LVEF from baseline to 12 months was significantly higher in groups A and B (p = 0.007 for group A vs CON and p = 0.049 for B vs CON), but not in group C (p = 0.919). Notably, the improvement in LVEF was similar between groups A and B (7.9 ± 4.9 % vs 6.9 ± 3.9 %, p = 0.455), and it was more significant in groups A and B than in group C (p < 0.01). Moreover, the decrease in LVESV from baseline to 12 months did not differ between groups A and B (p = 0.656) and between the CON group and group C (p = 0.468). However, the LVESV decrease was greater in groups A and B than in the CON group or group C (p < 0.05). By contrast, there was no significant difference among the four groups in the LVEDV decrease (p = 0.284) from baseline to the 12-month follow-up (Table 4 ). In addition, the 201Ti-SPECT data obtained at 12 months showed that myocardial perfusion was significantly enhanced in all four groups (p < 0.05) ( Table 3 ). However, there was no significant difference in myocardial perfusion between groups A and B (6 months: p = 0.482; 12 months: p = 0.761) and between the CON group and group C (6 months: p = 0.838; 12 months: p = 0.862). Taken together, these results suggest that BMC transplantation within 24 hours or at 3-7 days after PCI further improves cardiac function in addition to the benefits derived from PCI, whereas BMC infusion performed later (7-30 days after acute PCI) offers no additional benefit. 
Discussion
The principal finding of our study is that intracoronary infusion of BMCs within 24 hours or at 3-7 days after emergency PCI is associated with a significant increase in the recovery of left ventricular contractile function and remolding in AMI patients; intracoronary infusion of BMC at 7-30 days after PCI had no significant effect.
Myocardial infarction leads to scar formation and a subsequent reduction in cardiac performance. Stem cellbased regeneration provides a new strategy for the treatment of AMI patients. In addition to determining the effects of stem cells on left ventricular function, the optimal time window for cell infusion was also assessed. Several recent trials have reported conflicting results with respect to the optimal timing of cell therapy [2] [3] [4] [5] [6] 12] . The REPAIR-AMI trial found that the largest benefit occurred when cells were injected 5 to 6 days after infarction [5] . In another trial, patients with STEMI who underwent intracoronary injection of autologous BMCs on day 7 or after 6 months showed significant improvements in twodimensional systolic strain in all segments and in the infarcted area only in the BMC group [13] . Janssens et al. reported no functional benefit derived from the injection of cells within the first 24 hours after infarction [14] . On the other hand, in our previous study with a small sample in which we followed patients for 3 months, emergency intracoronary administration of BMCs within 3 hours after primary PCI was found to be safe and practical [5] . Intracoronary transfer of autologous BMCs in patients with a healed myocardial infarct (13 ± 8 months) did not lead to a significant improvement of cardiac systolic function, infarct size or myocardial perfusion [15] .
The optimal time frame for intracoronary cell therapy is a complex issue. It is probably determined by the equilibrium between factors that facilitate and those that inhibit the homing and cell survival that occurs during the post-myocardial infarction inflammatory process [16, 17] . Given the biological time course of healing and the expression of multiple factors, some researchers believe that the highest probability for optimal nesting and survival is in the period between day 3 and day 7 [18] . On the other hand, these factors are also related to stem cell homing to the infarct zone, which suggests that cell infusion in the early phase after myocardial infarction may be equally effective [19] .
The optimal time of cell delivery has not been determined to date. Our meta-analysis showed that BMC transfer at 4 to 7 days post-AMI was the optimal time to improve cardiac function in AMI patients [20] . Therefore, in the present pilot study, we investigated the effect of BMC infusions at different times from 24 hours to 1 month after myocardial infarction. Our present study Fig. 2 Left ventricular ejection fraction at baseline and at 12 months after myocardial infarction. Left ventricular ejection fraction (LVEF) determined by echocardiography initially and at 12-month follow-up in the four groups. Compared with baseline, global LVEF in the four groups was significantly increased on echocardiography at 12 months. Compared with the control group (CON), the absolute change in LVEF from baseline to 12 months was significantly higher in groups A and B, but not in group C. group A bone marrow mononuclear cell (BMC) infusion within 1 day after percutaneous coronary intervention (PCI); group B BMC infusion at 3-7 days after PCI; group C BMC infusion at 7-30 days after PCI suggests that BMC infusion administered within 24 hours after the primary PCI is as effective as BMC infusion at 3 to 7 days after PCI. In the present study, BMC infusion after 7 days (11.1 ± 3.3 days) had no significant effects on the recovery of left ventricular function and remolding as compared to the control group; this finding was not consistent with the results reported by Fernández-Aviles et al., who injected mononuclear stem cells at an average of 2 weeks after infarction and reported a comparable increase in left ventricular function [21] . In another similar trial, patients with STEMI who underwent successful primary PCI and administration of intra-coronary BMCs at either 3 or 7 days following the event showed recovery of global and regional left ventricular function similar to that of placebo-treated patients [12] . The reasons for the different results are unclear. The study by Fernández-Aviles et al. included only a few patients and had no control group. The sample size in the TIME study was also small and the average LVEF of enrolled patients was >45 %. The TIME study also suggested that, in STEMI patients, myocardial repair was more dependent on baseline BMC characteristics (CD31+ BMC) than on whether the patient underwent intracoronary BMC transplantation [22] .
In most clinical trials, the average baseline LVEF of AMI patients is approximately 50 % [23] . The subgroup outcome from REPAIR-AMI indicated that patients with an LVEF of <49 % received a greater benefit (7.5 % vs 5.5 %) from cell transplantation [24] . The magnitude of left ventricular contractile recovery appears to be inversely related to the baseline LVEF. Patients enrolled in our study had substantial functional impairment: on average, the global LVEF at baseline was 41 %, which is much lower than that reported by earlier studies. After successful myocardial reperfusion and autologous BMC transplantation, LVEF increased by 5-6 % at 6 months and by 7-8 % at 12 months. These results are similar to those of the subgroup with a lower baseline LVEF in REPAIR-AMI. In addition, preliminary studies have suggested that the number of cells transplanted plays a role in the clinical outcome [4, 5, 25, 26] . In our study, the marked beneficial effects of BMC infusion on the recovery of contractile function were likely the result of the larger number of cells delivered (6.9 ± 8.8 × 10 8 ); this number was almost ten times higher than the number of cells delivered in BOOST or TOPCARE-AMI. Compared to the control group, the incidence of individual adverse clinical effects were lower in groups A and B (p = 0.078 for the comparison with group A, and p = 0.214 for the comparison with group B). These results suggest that BMC infusion reduces the risk of chronic heart failure, which is a common complication of myocardial infarction. Importantly, we have not found that stem cell transplantation increases the rate of instent restenosis and increases the hsCRP or cTnT levels. Notably, there was no mortality at 12 months in any of the groups. This is a moderate-risk population. The average LVEF at baseline was 40.5 % to 46.3 %. The clinical characteristics of these patients were lower CRP peak levels and fewer three-vessel coronary artery lesions, which predicted better prognosis. Furthermore, almost all these patients took optimal medical treatments including aspirin, statins, beta-blockers and angiotensin converting enzyme inhibitors after PCI. Of course, the small number of patients and the limited follow-up time in this study might be related to the lower incidence of adverse effects in this study. Thus, further work is still needed on the safety of intracoronary BMC infusion despite our previous results [27, 28] .
There are a number of SPECT measurements to assess myocardial perfusion defects, such as the two-day 201Tl-SPECT technique, 99mTc-MIBI-SPECT imaging and exercise SPECT. In the present study, we used a one-day 201Tl-SPECT technique because the baseline SPECT data were obtained within a few days after myocardial infarction. This was shown to be a safe and feasible method in the present study.
Our study had several limitations. First, although the control group received an intracoronary saline infusion at the same time point as group A, we did not have control groups receiving the infusion at the same times points as groups B and C (although saline infusion alone has no effect on AMI [1] [2] [3] [4] [5] [6] ). Second, we did not label the cells to estimate cell survival and homing rates, and such observations might provide explanations for the differences between our findings and those of other researchers. In view of findings showing increased rates of cell death associated with inflammation during the early stage of infarction, the REPAIR-AMI trial suggested that early cell infusions were less effective than those delayed beyond 5 days. However, we found early infusion to be as effective as infusion at 3-7 days. Our results might be partly attributable to our delivery of a large number of BMCs and the detection of a larger population of CD34-positive cells in the BMCs of patients within 1 day after AMI, compared to other studies. Additionally, we previously showed that myocardial stroma cell derived factor-1 (SDF-1) expression increased and peaked at the first day post-AMI in rats; stroma cell derived factor-1 expression is important for progenitor cell chemotaxis, homing, engraftment, and retention in the damaged myocardium, and BMC enrichment and angiogenesis in the host hearts were more abundant in the infarcted heart. Third, cardiac magnetic resonance imaging is considered the best modality to assess left ventricular remodeling and function after myocardial infacrtion. Although we measured the infarcted area by cardiac magnetic resonance imaging at 6 and 12 months in some patients, the data were not included in the present study because we did not perform baseline magnetic resonance imaging at 2-3 days in all patients. Fourth, the benefits in functional parameters failed to translate into clinically meaningful improvement in outcomes, and the combined endpoint of death, myocardial infarction, and rehospitalization for heart failure was not significantly different at 1 year between the groups. One explanation is that our sample size was too small. In addition, only 85 patients completed the 6-and 12-month follow-up periods. Owing to the small number of patients and the duration of follow-up, our study was not powered to assess the optimal timing. However, our results provide insight into the optimal timing and sufficient background for its assessment in a large-scale trial. Another possibility is that the benefits of BMC infusion are associated with the regeneration of the myocardium and vessels, and the volume of tissue regeneration at 1 year may be too small to compensate for the initial damage. Alternatively, the benefits may be dependent on the presence of cytokines and growth factors released from transplanted BMCs, which would have disappeared at 1 year. Repeated BMC infusion at a certain time after the initial therapy might improve the results [29] .
Conclusion
In summary, the primary outcomes showed that, in AMI patients, intracoronary BMC infusion within 24 hours after the primary PCI is as effective as BMC infusion 3 to 7 days after primary PCI with respect to left ventricular contractile function recovery and remodeling. Of course, it needs further data from more trials. 
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